It is generally accepted that the ITA is suitable for CABG when the free flow rate is more than 40 to 80 mL/min, 2,3 and Mills and colleagues recommend 120 mL of free flow as the minimum for use of the ITA grafts. 4 From a variety of reports in the world literature, it seems that the ITA is used only when the free flow is more than 20 mL/min after relief of spasm. 5 However, ITA flow may increase in proportion to the myocardial blood demand after grafting if there is no mechanical damage to the vessel during mobilization. Therefore, even when ITA flow is very low, we consider that its use without any further intraluminal maneuvers provides the best graft. The aim of this study is to investigate the clinical results of CABG with the use of a LITA with low free flow and to evaluate the postoperative hemodynamic status of low free flow grafts by means of transthoracic pulsed Doppler echocardiography.
investigations of ITA free flow have not been reported. It is generally accepted that the ITA is suitable for CABG when the free flow rate is more than 40 to 80 mL/min, 2,3 and Mills and colleagues recommend 120 mL of free flow as the minimum for use of the ITA grafts. 4 From a variety of reports in the world literature, it seems that the ITA is used only when the free flow is more than 20 mL/min after relief of spasm. 5 However, ITA flow may increase in proportion to the myocardial blood demand after grafting if there is no mechanical damage to the vessel during mobilization. Therefore, even when ITA flow is very low, we consider that its use without any further intraluminal maneuvers provides the best graft. The aim of this study is to investigate the clinical results of CABG with the use of a LITA with low free flow and to evaluate the postoperative hemodynamic status of low free flow grafts by means of transthoracic pulsed Doppler echocardiography.
Patients and methods
Between December 1997 and December 1998, 180 patients underwent CABG at our hospital and an associated institution. In 163 of them, the LITA was anastomosed to the LAD. C urrently, the internal thoracic artery (ITA) is generally used to provide grafts having long-term patency in coronary artery bypass grafting (CABG). In particular, use of the left internal thoracic artery (LITA) graft to revascularize the left anterior descending coronary artery (LAD) has significantly improved the longterm results of CABG. 1 It is believed that use of the LITA should be avoided when the free flow is too low. However, the most suitable conditions for ITA grafts in CABG have not yet been determined, and detailed Objective: Even when left internal thoracic artery flow is very low, we have used the artery for grafting without any further maneuvers. In this study, we investigated the clinical results of coronary bypass surgery using the left internal thoracic artery with low free flow. Methods: A total of 163 patients were divided into 2 groups: group L (n = 43) had free flow of 20 mL/min or less and group H (n = 120) had free flow of more than 20 mL/min. We performed a comparative study on the basis of coronary angiography and pulsed Doppler echocardiography. Furthermore, 12 months' postoperative graft angiography was carried out in 11 patients from group L. Results: No patient had low output syndrome or perioperative myocardial infarction. One month after the operation, 3 cases of graft occlusion and 9 cases of the "string sign" were identified in group H. However, group L had no graft occlusion and only 1 case of the "string sign." The 1-month postoperative Doppler echocardiographic study showed no significant differences in the diastolic fraction of velocity time integrals and the diastolic/systolic peak velocity ratio of the grafts. In the 11 patients undergoing angiography after 1 year, graft patency was excellent. Moreover, the graft diameter was significantly larger than it was 1 month after the operation. The LITA was dissected with a pedicle by means of electrocauterization and a protective gauze pad. Titanium Hemoclip clamps (Weck Closure Systems, Research Triangle Park, NC) were used to clamp the LITA branches. After complete mobilization, we cut the LITA just proximal to its bifurcation and confirmed pulsatile blood flow from the cut end. The distal cut end was then closed with a Hemoclip clamp. The mobilized LITA was then covered with 0.2% papaverine-soaked gauze. However, papaverine administration and balloon dilation of the LITA were not used. Flow was measured by allowing the cut end of the LITA to bleed into a graduated cylinder for 15 seconds. If pulsatile blood flow was detected, even though the LITA flow was very low, we anastomosed the LITA to the LAD without any further maneuvers. Cardiopulmonary bypass (CPB) was established from the right atrium to the ascending aorta. As soon as the aortic crossclamp was placed, St Thomas' Hospital cardioplegic solution (30 mL/kg) was administered through the aortic root cannula. Bypass was performed at the mid portion of the LAD with an 8-0 polypropylene nonabsorbable suture. Side branches of the LITA had been ligated. Saphenous vein grafts were used for all diseased vessels except for the LAD. The proximal anastomosis between the saphenous vein graft and the ascending aorta was performed under partial aortic clamping. The 163 patients were divided into 2 groups: (1) group L, consisting of 43 patients in whom the LITA free flow was 20 mL/min or less; (2) group H, consisting of 120 patients in whom it was more than 20 mL/min. We performed a comparative study between the 2 groups on the basis of 1-month postoperative coronary angiographic findings. We also evaluated the postoperative hemodynamic status of the low free flow LITA cases by means of transthoracic pulsed Doppler echocardiography. Color Doppler echocardiographic examination was performed from the anterior chest wall at almost the same time as postoperative graft angiography with an Acuson Sequoia C256 machine (Acuson Corporation, Mountain View, Calif) equipped with a 7-MHZ transducer. All patients took nitroglycerin tablets just before the Doppler study. The diastolic and systolic peak velocity ratio (D/S ratio) and diastolic fraction (DF) of the velocity time integral were measured with on-line calipers and averaged over 3 cardiac cycles. All echocardiographic examinations and measurements were performed by the same physician.
Statistical analysis: Mean and standard deviation for the metric data. Statistical differences between the groups tested were analyzed with the χ 2 test, Student t test, and unpaired t test. Significance was defined as a P value of less than .02.
Results
All patients were easily weaned from CPB. No patient had low output syndrome or perioperative myocardial infarction. There were no significant differences in age, sex, coronary risk factors, diseased vessels, and preoperative myocardial infarction between the 2 groups (Table I) , nor were there significant difference in body surface area between the 2 groups. We evaluated the preoperative native LAD flow area on the basis of the classification of Pujardas. 6 In group H, there were 31 patients of type L, 66 of type M, and 23 of type S. In group L, there were 9 patients of type L, 25 of type M, and 9 of type S. No significant difference was identified between the 2 groups. Preoperative native LAD stenosis, the ejection fraction, the left ventricular end-diastolic pressure, the aortic crossclamping time, the CPB time, and the systolic aortic pressure during evaluation of the free flow all showed no significant differences. LITA diameter was evaluated just proximal to its bifurcation by preoperative coronary angiography. In all patients, no atherosclerotic findings were evident in either the left subclavian artery or the proximal LITA. In group H, the diameter was 1.8 ± 0.9 mm and in group L, it was 1.9 ± 0.6 mm; thus there was no significant difference (Table II) . Likewise, the number of arteries bypassed was not significantly different (Table II) . LITA free flow ranged from 24 to 86 mL/min in group H, with an average of 51.0 mL/min, whereas it ranged from 5 to 20 mL/min in group L, with an average of 15.0 mL/min (Table II) . In the 1-month postoperative angiographic study there were 3 cases of LITA graft occlusion in group H, and distal narrowing of the LITA graft, the so-called "string sign," was seen in 9 cases (Table III) . In group L, the string sign was identified in 1 case and LITA occlusion in 1 case. The proportion of satisfactory results from early graft patency was 97.5% in group H and 97.6% in group L (Table III) . The LITA was adequately identified and good quality Doppler waveforms were obtained in 148 (98.7%) of the 150 patients with a patent LITA. The Doppler waveform in the distal portion of the grafted LITA obtained by the transthoracic approach had a biphasic pattern with a higher mid-diastolic component and a lower antegrade component at end-systole. In the patients with graft occlusion or the string sign, the distal portion of the LITA was not detected. In the distal portion of the grafted LITA, D/S and DF did not differ between groups H and L (D/S: 1.62 ± 0.46 vs 1.66 ± 0.31; DF: 0.71 ± 0.16 vs 0.74 ± 0.38).
One-year postoperative graft angiography was carried out in 11 group L patients. Their courses had been uneventful for 1 year, and LITA graft patency was excellent. In fact, the graft diameter at 1-year postoperative angiography (2.1 ± 0.4 mm) was significantly larger than that 1 month after the operation (1.7 ± 0.5 mm). In 23 patients in group H, the LITA diameter (2.2 ± 0.6) was also enlarged compared with that 1 month after the operation (1.7 ± 0.3 mm). There were no significant differences in graft diameter between groups L and H 1 year after the operation.
Discussion
What is the cause of low ITA free flow during CABG? The main causes are considered to be temporary spasm or mechanical damage inflicted by surgical maneuvers. When the mobilized ITA free flow is very low, several surgeons recommend several methods to increase the free flow, such as papaverine administration, metallic cannula insertion, and intraluminal balloon dilation. 4, 7 When the free flow is significantly increased by intraluminal papaverine administration, the cause of low free flow is regarded as temporary vasospasm. In fact, the ITA is used for grafting only when the free flow is more than 20 mL/min after relief of spasm. 5 However, several investigators have suggested that the ITA intima may deteriorate as the result of papaverine injection. 8, 9 Balloon dilation is considered even more dangerous. We agree that those intraluminal maneuvers may impair the ITA quality. We previously inserted a Parsonnet probe into a low free flow LITA in 1 patient. Although flow was slightly increased, we decided not to use the vessel. We resected the whole LITA and evaluated it microscopically, discovering intimal dissection along the entire vessel.
Thus it is virtually impossible to determine the actual cause of blood flow reduction without pathologic study of the completely mobilized artery. However, pulsatile blood flow is evidence of blood transmission through the ITA. Intraluminal papaverine preparation of the ITA is one of the methods used to distinguish low flow caused by technical error or vasospasm. However, papaverine has an acidic pH (3-4.5), and although this is partially neutralized with the addition of normal saline solution (pH 5.2), there is still reasonable concern that arterial wall and endothelial damage may result, compromising long-term patency. 10 We contend that the intraluminal maneuvers used on low free flow ITAs to increase the flow may actually result in the string sign or late occlusion.
After complete mobilization, we evaluate LITA free flow just proximal to its bifurcation. However, the more proximal portion of LITA is used for anastomosis to the LAD. He and colleagues 11 reported that variations in reactivity are shown along the full length of the human ITA. Furthermore, they insist that the distal portion of the ITA is most sensitive. Therefore the portion of the LITA in which we assessed free flow may be more easily affected by vasospasm. Whether the mobilized LITA is acceptable or not according to the free flow in the distal portion cannot be determined until an appropriate length of graft is chosen to anastomose it to the LAD. A high blood flow from the LITA appears during CPB because of pump flow. However, blood pulsatility cannot be confirmed in this situation. Arterial conduits may develop spasm at harvest. This condition is variable in its severity and is not always effectively treated with topical papaverine. However, even though the free flow is low due to spasm, one can be sure that if blood pulsatility from the cut end was maintained there was no mechanical damage of the intima. Thus we believe it is important to recognize pulsatility of flow as an indicator of absence of mechanical damage. Tector 12 also emphasized the importance of testing the flow and pulse in the spatulated distal end of the LITA before going on CPB. These studies 11, 12 and ours show that LITA low free flow was caused by temporary spasm resulting from harvest. The ITA is a so-called "living conduit," in which the diameter may increase in the late postoperative period. Kitamura and colleagues 13 reported that ITA flow increased in response to patient growth after CABG for Kawasaki disease. Akasaka and colleagues 14 also reported that ITA flow capacity increased in the late postoperative period because of an increase in ITA diameter. Furthermore, Gurne and colleagues 15 described that an increase in myocardial blood flow induced by pacing resulted in vasodilation of the ITA in the late postoperative periods. We also consider that ITA flow may increase in proportion to the myocardial blood demand if there is no damage during mobilization. In this series, enlargement of graft diameter was seen after 1 year in 11 patients with low free flow. It is reported that if the endothelium is preserved during surgical preparation, the ITA has a potent endogenous nitrate system that can help prevent vasospasm, thrombus formation, and graft occlusion. 16 Therefore, even when ITA flow is very low, we believe that anastomosis without any further maneuvers is the best approach in terms of quality.
In this series, 9 patients (7.5%) had a string sign in group H. This is a rather high percentage. One cause of string sign is believed to be the competition of native blood flow with LITA blood flow. Seki and colleagues 17 reported that LITA string sign was observed in 9 (6.1%) of 147 patients and in all of those patients whose native LAD flow was well preserved. Six of our 9 patients with string signs had about 50% to 75% narrowing of the native LAD. Thus their LAD flow might also be preserved. Seki and associates 17 also showed a strong inverse correlation between 25% and 50% stenosis of native LAD and LITA diameter. With these results, we consider that a LITA anastomosed to the LAD with minimal stenosis caused the string sign in the early postoperative period.
In our hospital, we used the simplest method of LITA mobilization and covered the vessel only with papaverine-soaked gauze. In group L, even though mobilized LITA free flow was very low, there were no cases of hemodynamic instability or perioperative myocardial infarction. In comparisons of the LAD flow area, there were no significant differences between the groups. Furthermore, the proportions of satisfactory results from early graft patency were about 97%. However, several investigators have reported a discrepancy between angiographic and pulsed Doppler findings of the LITA. 18 The D/S ratio is sometimes very low on echocardiography, despite excellent postoperative graft patency on angiography. Furutani and colleagues 19 reported that the LITA D/S ratio and DF were low in patients with minimal stenosis of the native LAD. These findings indicate competition of native blood flow with LITA flow, which may cause the ITA string sign in the late postoperative period. In assessment of the postoperative LITA hemodynamic status, it is more important to assess the blood flow waveform than its flow rate.
In this study, we assessed the early postoperative hemodynamic status of the ITA by pulsed Doppler echocardiography. Several recent reports have suggested that coronary flow reserve measurement by transthoracic Doppler echocardiography is useful for assessment of significant LAD stenosis. 20 Furthermore, transthoracic pulsed Doppler echocardiography is an effective and noninvasive method of assessing postoperative LITA graft function. 21 In our series, stress test and myocardial scintigraphy were not used to evaluate the coronary flow reserve. We conclude that it is possible to use a low free flow ITA because of the stable postoperative course and excellent ITA Doppler waveform in group L. In the distal LITA, the postoperative early blood flow velocity waveform in group L was excellent despite low free flow during the procedure. Furthermore, the D/S ratio and DF were no different from those in group H. Thus LITAs with a low free flow increase postoperatively not only angiographically but also on Doppler findings.
Conclusion
The ITA can be used for CABG even when the free flow is less than 20 mL/min, because the vessel increases in diameter in response to myocardial blood demand.
